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Health Effects of the Gas-Aerosol
Complex
Report to Special Committee
on Health and Ecological Effects of
Increased Coal Utilization
by Bernard D. Goldstein*
Combustion products derived from the burning of coal are definitely capable of producing adverse
humanhealtheffects. Nosinglecomponentofthecombustion productmixtureissolely responsible. Rather,
effects are due to a group of compounds, both gases and aerosols, in the effluents of stationary source
combustion processes. Although incompletely defined, the individual components ofthe gas-aerosol com-
plexappeartobecapableofinteracting bothintermsofatmosphericchemistryandhealtheffects. Thethree
primary airquality standards pertinent toregulatingcoalcombustion all representto someextent indirect,
although reasonable, measures of this gas-aerosol complex. As a group, these standards appear to be
adequate to protect human health. Conventional toxicological considerations suggest that the adverse
health effects ofany necessary increase in coal combustion effluents would be greatest per unit ofcoal in
those areas which are most heavily populated and have the highest preexisting levels of the gas-aerosol
complex. Inordertodecrease the degreeofuncertainty forfuture decisions ofthistype, it isimportant that
prospective epideniological and air monitoring studies be initiated in conjunction with any large scale
introduction ofcoal use.
Introduction
Combustion products derived from the burning of
coal are clearly deleterious to human health. The
causal relationship between coal emissions from
combustion and disease, particularly of the respira-
tory tract, has been inferred for centuries. Modern
appraisal of this relationship can be considered to
have begun at the time ofthe London smog episode
of 1952, although a few antecedent studies and local
airpollution disasters (e.g., Donora, Pennsylvania in
1948; Meuse Valley in 1937) can be cited.
In 1952 London was characterized as having mul-
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tiple emission point sources arising from coal com-
bustion. Coal was used for heating of individual
homes as well as for power generation and industry.
In December 1952 weather conditions produced a
four-day inversion period, which resulted in a
marked increase in air pollutant levels. During the
smog, and a few days subsequent to it, more than
3000excessdeaths wereestimated to have occurred.
This galvanized medical authorities in Britain and
elsewhere to look very closely into the causes and
consequences ofairpollution, particularly inrelation
to coal combustion. The pollutants that were mea-
sured were, quite obviously, those that were amena-
ble to analysis with the available technology. This
led to a focus on sulfur dioxide and particulates
(measured as smokeshade in Great Britain and total
suspended particulates in the U.S.). While many
studies used the level of these two indices to corre-
late with observed health effects, it was recognized
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sulfurdioxide and smokeshade were somewhat indi-
rect indicators of the agents responsible for human
effects. Since that time, much evidence has ac-
cumulated demonstrating that it is a complex of
atmospheric products and mixtures of emitted pol-
lutants which play the major causative role in ad-
verse health effects due to fossil fuel combustion
products. The group of compounds participating in
this process, which will be discussed in more detail
below, will be described as the gas-aerosol complex.
Although the nature ofthe available information re-
quires this document to treat this complex in its
individualcomponents, it should bekeptinmindthat
it is the interplay of these many components which
result in the deleterious human health effects as-
sociated with fossil fuel combustion.
Inasmuch as the focus is on coal, this document
will stress studies in Great Britain where control of
coal combustion effluents has led to a marked im-
provement in air quality, as well as American
studies. Unfortunately, in neithercountry was there
a rigorous attempt to study prospectively the health
consequences ofthe major changes infuel consump-
tion and emission control that led to the presence of
cleaner air. This lack ofinformation is most unfortu-
nate. It is possible to construct agraph depicting the
decreaseinatmosphericpollution levelsintherecent
past. Were one able to construct a similar curve
showing changes in community health associated
with the previous decrease in level of pollutants, it
would now be a much simpler proposition to predict
what effect, if any, would occur due to increased
pollutant levels attendant uponconversion to coal. It
is unlikely that retrospective studies in the United
Stateswill rectifythis serious omissionin viewofour
generally inadequate health statistics base. There is,
however, the possibility, worthy ofexploration, that
pertinent information concerning the effect of de-
creasing coal use on human health could be obtained
by a study of the more complete British health rec-
ords. As an obvious corollary, a careful study ofthe
effect of reinstitution of coal use should begin as
soon as possible before the actual switchover oc-
curs, and continue for some time afterwards. While
such a study would be relatively expensive relative
to the current funding level for studies of environ-
mentally caused health effects, it isextremely cheap
compared to the multibillion dollar impacts arising
from decisions concerning the energy program.
It is assumed that those reading this review are
reasonably knowledgeable concerning the biomedi-
cal effects of pollutants, the inherent limitations of
the various types of toxicological studies, and the
needforconfirmatory informationfromdiffering ap-
proaches. A numberofreviews describing the health
effectsofairpollutants have beenpublishedinrecent
years. These should be consulted for detailed infor-
mation beyond the scope of this document (14).
The subject of health effects of photochemical
oxidants will not be discussed in this review, al-
though one of the precursors of these pollutants,
oxides of nitrogen (NO,), will be increased by the
proposed switch from oil to coal. It is difficult to
assess the effect of increased NO, emissions on
photochemical oxidant levels because ofthe compli-
cated time-dependent set of reaction mechanisms
leading to the formation of oxidants.
Constituents of the Gas-Aerosol
Complex
The constituents of the gas-aerosol complex de-
rived from stationary source fossil fuel combustion
are usually subdivided into particles and gases (the
majorgasesbeing sulfuroxides andnitrogenoxides).
The subject of airborne particles has recently been
reviewed by a panel of the National Academy of
Sciences (1). Of importance is that the particles
formed as aresultoffossil fuel combustiontend to be
in the respirable size range (i.e., <1 ,m). The major
anionic components oftoxicological importance are
sulfatesandnitrates, and perhaps sulfitesandnitrites
aswell. These are predominantly productsformed in
the atmosphere from reactions of the emitted gases
(i.e., secondary products). More information about
the levels of the associated cations is becoming
available. These cations include trace levels ofvari-
ous metal elements, ammonium ions, and protons
(hydrogen ions). The effects arising from trace ele-
ments are considered in a separate document.
Sulfur in fossil fuel is converted mainly into sulfur
dioxide during combustion, although a small per-
centage is emitted directly as sulfate. Sulfur dioxide
isahighly soluble gas which exists in solution, either
as hydrated SO2 or as the sulfite or bisulfite ion,
depending upon pH. Two general processes as-
sociated with polluted atmospheres act to convert
sulfur dioxide to sulfate aerosols. In the presence of
various trace elements, S02 absorbed into aqueous
aerosols is catalytically oxidized to H2SO4 (sulfuric
acid). This process is highly dependent upon humid-
ity, temperature, the type and quantity oftrace ele-
mentspresent, andthe pH oftheaerosol. The second
general pathway for the formation of atmospheric
sulfates isthrough aphotochemical process inwhich
the action ofsunlight on hydrocarbons and oxides of
nitrogen generates species capable ofoxidizing S02.
The complexity ofboth of these processes requires
emphasis. There is a potentially large variety ofdif-
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These sulfates have awide range ofphysicochemical
properties and, presumably, toxicity. Mostare inthe
respirable size range. Further information concern-
ing the mechanisms offormation, the reaction rates,
the atmospheric transport, and the dispersion of
sulfur oxides is necessary in order to better under-
stand the toxic properties of the aerosols, and in
order to attempt to construct successful control
strategies. Ofparticular value would be a determina-
tion ofthe chemical speciation ofsulfates present in
ambient air. This would allow epidemiological and
controlled human exposure studies tofocus on those
sulfates mostlikely to be responsible fortoxicity. At
present, however, there is little reason to expectthat
any one sulfuroxide will be solely or mainly respon-
sible for the effects of the gas-aerosols complex. It
should be kept in mind that sulfur in fuel and the
resultant sulfur dioxide, are the precursors ofessen-
tially all anthropogenic sulfur oxide aerosols.
The nitrogen oxides have usually been considered
separately from sulfur oxides and particulates in dis-
cussionofhealth effects ofairpollutants. Thisinpart
is due to the fact that both stationary source and
automative fossil fuel combustion contribute sub-
stantially toatmospheric NO,emissions. Inthe past,
the toxicity of nitrogen oxides has been considered
almost solely in terms of nitrogen dioxide. (Nitric
oxide, the other major gaseous oxide of nitrogen,
does not appear to be toxic at ambient concen-
trations). Recent information has suggested that
aerosolscontainingnitric acid, organic andinorganic
nitrates and nitrites are present in the atmosphere
and may contribute to the observed toxicity of the
gas-aerosol complex. The evolving evidence sug-
gests a situation analogous to that described above
for sulfates, i.e., the presence of nitrates concen-
trated in the respirable size range, and being derived
from atmospheric transformation of gaseous NO,
precursors. There is, however, far less information
concerning nitrate airchemistry and toxicology than
there is for sulfate. The subject of nitrogen oxide
formation and toxicity has recently been thoroughly
reviewed by an NAS panel (2).
Basic Biomedical Considerations
Respiratory Tract Response to Inhaled
Irritants
The human respiratory tract contains a number of
relativelyeffectivedefensesagainst inhaled irritants.
The nose is particularly efficient in removing those
larger particles which impinge upon the nasal turbi-
nates, and alsoinscrubbingout soluble gases such as
sulfur dioxide. Pollutant removal within the nose
does not completely preclude pulmonary effects, as
there is some evidence which suggests that vagal
reflexes, leading to bronchoconstriction, may be ini-
tiated by nasal receptors. Breathing through the
mouth also effectively removes soluble gases and
larger particulates, but to a lesser extent than the
nose. Smaller particulates, including most an-
thropogenic sulfates and nitrates, as well as less sol-
uble gases such as N02 and 03, more readily pene-
trate deeply into the respiratory tract. In normal
adults, mouth breathing usually occurs during
periods ofhigh minute volume when the dose deliv-
ered to the lower airways would tend to be highest.
Such considerations presumably play a role in the
susceptibility of children and individuals with pre-
existing cardiorespiratory disease to pollution.
Mouth breathing and high minute volumes occur
relatively frequently in these population segments.
Acute Exposure. Mucociliary clearance is a
cleansing process which results in a flow of mucoid
material upwards toward the pharynx. There is un-
fortunately relatively little information concerning
the basic determinants of mucociliary clearance
rates or the effects of pollutants on this process.
Although some studies have obtained indirect evi-
denceofalteredpulmonary clearance ratesfollowing
exposure to components ofthe gas-aerosol complex,
there is no evidence that usual ambient levels have
an effect on this process. Of potential interest are
recentanimal studies suggestingthatrepetitive acute
exposure to sulfuric acid aerosol during a period of
months may lead to an alteration in baseline pulmo-
nary clearance (5). Also of interest is the ability of
mucosal secretions to buffer inhaled acid aerosols.
This has been highlighted by recent studies suggest-
ing that ammonia may be a constituent of the re-
spiratory tract (6). Ifneutralization ofacid aerosols
does prevent toxicity, then it is conceivable that the
bufferingcapacity ofthe respiratory tractis the basis
for a true threshold for the acute effects of acid
aerosols, although possibly subject to individual or
temporal variability. This is, of course, speculative
but represents an intriguing area ofpotential signifi-
cance.
The alveolar macrophage is an important compo-
nent ofpulmonary defense. There is some evidence
suggesting that the basis for the potentiation of re-
spiratory tractinfections by nitrogen dioxide may be
an interference in the ability ofalveolar macrophage
to kill inhaled microorganisms (7, 8). Such evidence
is not available for sulfur oxides. More information
concerning the effect of inhaled particulates on al-
veolar macrophage function is needed. A better un-
derstanding of the mechanism of the bacteriocidal
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required.
The major physiological response to sulfur oxides
incontrolled short-term human and animal exposure
studies is an increase in airway resistance. In animal
studies, sulfuric acid aerosol has been shown to be a
stronger potentiator of bronchoconstriction than
ammonium sulfate aerosol which is stronger than
S02 gas (9). The pathways mediating bron-
choconstriction, which is generally believed to be
the basis forthis response, include vagal reflexes set
off by receptors located in various parts of the re-
spiratory tract. However, studies have shown that
bronchoconstriction can occur even when the vagus
nerve has been inactivated. It is hypothesized that
humoral factors are capable of acting on airway
smooth muscle, or may potentiate the effect ofsuch
factors. In vitro studies have shown that acid salts
are enhancers of histamine release from cells (10).
Thisbronchoconstrictive responsecould accountfor
many ofthe adverse health consequences associated
inepidemiological studies with the gas-aerosol com-
plex. Controlled human studies on asthmatics have
shownthat short-term N02 exposure potentiated the
bronchoconstrictive effect of carbachol (11).
Long-Term Exposure. Studies of the effects of
long-term exposure of animals to sulfate aerosol
have produced evidence of some effects, but in gen-
eral, the findings have not been dramatic. Slight
bronchial epithelial proliferation, edema and alveo-
larwall thickening in animals exposed to at least 500
,g/m3 of sulfuric acid has been reported, as has a
decrease in CO lung diffusion capacity in beagles
continually exposed to H2SO4 for up to two years
(12).
Monkeys continually exposed to H2SO4 levels of
100 ,ug/m3 for one year have shown no evident lung
abnormalities. At H2SO4 exposure levels of about
1000 ug/m3 in conjunction with about 500 ug/m3 fly
ash particles, bronchiolar wall thickening was ob-
served (13). Occupational studies ofworkers chroni-
cally exposed to H2SO4 levels above 10,000 ,g/m3
have notindicated excess chronic disease incidence,
buthaveindicated an excess numberofacute attacks
in those individuals already suffering from chronic
respiratorydisease, such asbronchitis. Theseresults
yield an unclear picture of possible long-term acid
sulfate aerosol exposure effects. The real problem is
thatthe underlyingbiochemistry ofthe disease etiol-
ogy is not well understood for sulfates.
Considerably more research is required to defini-
tively pin down the role of individual coal-derived
pollutants in the causation of chronic disease. The
biomolecularmechanisms mustbeelucidated aswell
as the dose-response relationships.
Individual Variability
The concept of individual variability in the sus-
ceptibility to pollutants is important for understand-
ing the health impact of the gas-aerosol complex.
Such variability must be considered to be operative
both among different individuals, leading to some
members of the population being inherently more
vulnerable, and within a single individual at different
time periods. Inter-individual differences represent
inherited factors, including presumably the reactiv-
ity of the bronchial tract to external agents, and
acquired factors, such as preexisting cardiorespira-
tory disease. Intra-individual variability includes
such temporal factors as the presence of microbial
respiratory tract infection and age. Controlled ex-
posure studies have clearly demonstrated widely
differing responses in groups of animals to bron-
choconstrictive pollutants. Inasmuch as animals
used in these studies generally have a common ge-
netic and environmental heritage, it is not surprising
that, based on the few available studies, there ap-
pears to be at least as great a variability in human
response. A marked variability in human response is
also suggested by some epidemiological studies.
Unfortunately, there are as ofyet inadequate data
to statistically characterize the degree of human
variability in response topollutants. Thiswouldbeof
value in determining the validity of extrapolating
results ofcontrolled human exposure studies (which
generally utilize a small number ofhealthy subjects)
to high risk populations.
Physicochemical Characteristics of
Pollutants in Relation to Respiratory
Response
Studies in animals exposed to defined components
of the gas-aerosol complex have clearly demon-
strated thatthere is a marked difference in the ability
of individual pollutants or combinations to elicit an
acute bronchoconstrictive response. This is par-
ticularlyevidentin the seriesofstudiesperformedby
Amdurand hercolleagues onguineapigs (9, 14). The
physicochemical characteristics which appear to be
particularly significant are size, solubility, pH, and
chemical reactivity. For example, particles in the
respirable (< 1 um) size range appear to exert a
greater bronchoconstrictive response than larger
particles given a similar mass concentration. Many
aerosols of the appropriate size are, however, inert
with respect to bronchoconstriction. In some cases
the absence ofresponse appears to be due to lack of
"chemical reactivity" (e.g., NaCI), inothers itisdue
to the relative insolubility of the compound which
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reaction can occur. The pH ofthe aerosol also is of
importance. In general, the greater the acidity, the
higher the likelihood of a bronchoconstrictive re-
sponse. More information is needed on the role of
particle shape and hygroscopicity in determining re-
gional airway deposition and subsequent bron-
choconstrictive impact (15).
Knowledge concerning the role ofthese physico-
chemical characteristics in mediating airway re-
sponse to aerosols has been ofgreat value in under-
standing pollution effects and predicting response.
Simple manipulations ofthese parameters does not,
however, totally explain the response ofguinea pig
airways to inhaled irritants. A better basic under-
standing ofthe biochemistry underlying the physiol-
ogy of airway response would be of great value.
Another research area of related importance is the
determination of the responsiveness of the human
respiratory tract to these pollutants. Such studies
wouldconsistofshort-term acuteexposures withthe
aim ofestablishing a hierarchy ofresponsiveness to
individual components of the gas-aerosol complex,
as well as determining appropriate no-effect levels.
Inaddition, more information is required concerning
potential synergistic interactions ofthese aircontam-
inants. In particular, animal studies ofsulfur dioxide
effects in the presence of inert respirable particles
andphotochemical pollutantsincludingozone, N02,
and organic irritants such as acrolein should be ex-
tended to man.
Observed Health Effects of the
Gas-Aerosol Complex in Humans
Mortality
There is no question thatexposure to past ambient
levels of the gas-aerosol complex has led to in-
creased mortality during acute air pollution
episodes. Those individuals who died during such
episodes were mainly the elderly, the infirm, and, in
some episodes, the very young. Controversy does
exist concerning the extent, ifany, to which current
pollutant levels are responsible fordaily variationsin
mortality. To study this problem it is necessary to
carefully adjust for many variables, including
meteorological and seasonal effects.
In recent years a number of investigators have
evaluated New York City mortality data in relation
to air pollution levels (16-21).
The studies are in general agreement as to the
existence of a residual variation in daily mortality
thatisexplainable by pollution levels. There is, how-
ever, a lack of consensus concerning whether the
effectcorrelates more strongly with sulfurdioxide or
total suspendedparticulates. This is notsurprising in
view of the interrelationship of these two measures
of the gas-aerosol complex. There is also con-
troversy concerning the interpretation of these
studies; the results of one investigation suggesting
little or no threshold for the association ofmortality
with sulfur dioxide levels (20), while a more recent
analysis (21) reports no change in the excess mortal-
ityassociated with pollution duringaperiod inwhich
there was substantial improvement in ambient sulfur
dioxide levels.
A deficiency in most of these investigations, as
well as air pollution-related epidemiological studies
ingeneral, istheuseofonlyone monitoring stationto
characterize the pollutant exposure ofa large popu-
lation. This adds to the uncertainty ofthe results. It
should be noted that studies of daily mortality in
relation to daily air pollution levels are unlikely to
discover a life-shortening effect that is due to the
causationofachronicdiseasebytheseairpollutants.
Morbidity
AcuteEffects. There are literallydozensoftypes
ofadverse health effects which have been reported
to be associated with inhalation of the gas-aerosol
complex or its components. For many of these ef-
fects (e.g., behavioral, immune) the information is
inconclusive or at best, peripheral. Epidemiologic
studiesofrespiratorytract effects ofthese pollutants
have utilized a variety ofdifferent measured param-
eters. These studies have tended tofocus on popula-
tion groups believed to be at high riskforpulmonary
effects, including children, asthmatics, the elderly,
and individuals with pre-existing cardiorespiratory
disease.
The impact ofair pollutants on children has been
studied extensively [see for example reviews by the
American Academy of Pediatrics (22), Wehrle and
Hammer (23), and NAS (4)]. A relation between the
gas-aerosol complex and lower respiratory illness
has been established. Epidemiological studies in
Great Britain, including evaluation of up to 10,000
individuals, have reasonably clearly demonstrated
an effect of air pollution on bronchitis incidence
(24-26).
Of particular interest are two studies in which
cohortswereevaluatedatvaryingtimeintervals. Ina
studyof5-year-olds living in fourdifferent areas, the
incidence ofchronic cough correlated well with ex-'
isting airpollution levels, and there was a significant
decrease in pulmonary function in the residents of
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Four years later, in 1969, these same children were
restudied. During this period there had been a
marked improvement in air pollution levels (45-80%
decrease in smokeshade; 10-25% decrease in sulfur
dioxide) with an abolition of the pollutant gradient
between the four areas. Appreciable decreases in
observed respiratory effects were observed and
there were no longer differences between the areas
(27,28). Anotherstudyofacohortofchildrenbornin
1946 noted an association of the history of lower
respiratory tract infection with air pollution (25).
Whenthisgroup was thoroughly evaluated atage 20,
cigarette smoking was found to be the dominant
factor in the presence of respiratory symptoms,
while air pollution had at most a minimal effect.
Other British and American studies have reported a
lesser prevalence ofrespiratory problems in associ-
ation with improvement of air quality (29-31).
Studies in the United States and elsewhere, in-
cluding the CHESS studies (32), have evaluated the
association of sulfur oxides and particulates with
childhood respiratory tract illness. With some ex-
ceptions, lower respiratory tract illness has been
positively correlated with those pollutants at levels
somewhat above the current U.S. standards, but not
at lower levels. Studies of childhood pulmonary
function in relation to sulfur oxides and particulates
have shown less consistent results.
Ambient levels ofnitrogen dioxide have been im-
plicated in the potentiation ofupperrespiratory tract
infection in children and their families. This is in
contrast to sulfur oxides which, while clearly as-
sociated with lower respiratory tract bacterial ill-
ness, have not been consistently found to be as-
sociated with upper respiratory viral infections.
Epidemiological evidence of a relationship between
N02 and respiratory infection was noted in school
children and their families in a study performed in
Chattanooga(33). Thistookadvantage ofarelatively
unique point source ofnitrogen dioxide. Replication
ofthis study, which is a major base of the U.S. air
quality standard, would be of great value, but is
difficult due to the entanglement ofnitrogen dioxide
with other pollutants in most areas. Recent studies
demonstratingrelatively high nitrogen dioxidelevels
in kitchens with gas as compared to electric stoves
(34, 35) may provide a basis for re-evaluation ofthe
epidemiological association ofnitrogen dioxide with
respiratory tract infection.
There is some controversy concerning the sus-
ceptibility ofasthmatics to the gas-aerosol complex.
Basic biomedical considerations lead to a strong
suspicion that individuals with a hyperactive bron-
choconstrictive response should be particularly
sensitive to inhaled air contaminants. There are a
number of epidemiological studies which appear to
support this contention, as well as the recent con-
trolled human study on N02 and carbachol (11). The
epidemiological studies are, however, open to vari-
ous degrees of criticism which appear to reflect the
fact that asthmatics are a particularly difficult group
to study. It is difficult to obtain a large study popula-
tion, and there are numerous confounding variables,
particularly meteorological and seasonal factors,
which complicate interpretation ofthe effects of air
pollutants.
The retrospective observation that 87.6% of asth-
matics reported respiratory symptoms during the
Donora air pollution disaster (36), as compared to
42.7% ofthe general population, indicates that asth-
matics do respond adversely to air pollution. The
question at present, which is similar for other sus-
ceptible populations, is to what extent do current or
foreseeable pollutant levels produce asthma attacks.
Relatively low level effects were reported in the
CHESS studies and in an EPA study performed in
New Cumberland, West Virginia (37). The latter is
one of the few U.S. studies of effects due to an
uncontrolled coal-fired power plant. These studies
have been heavily criticized, mainly on the basis of
the data collection and analysis techniques which
were used (38). At present, it would appear war-
ranted to place a relatively wide error band around
any extrapolation relating potentiation of asthma
attacks to current or projected levels of stationary
source fossil fuel combustion products.
It should be emphasized that asthma attacks rep-
resent an acute effect, and are therefore particularly
significant during high short-term peak levels of
pollutants. The causation of the basic underlying
effect leading to classical allergic asthma does not
appear to be related to chronic pollutant exposure.
The relation of air pollution to asthma attacks has
been the subject of a number ofreviews (4, 39, 40).
Exacerbation of pre-existing cardiorespiratory
disease has been clearly demonstrated to be a con-
sequence of exposure to the gas-aerosol complex.
Controlled animal and human exposure studies have
suggested that bronchoconstriction is the basis for
the observed acute effects. There may also be an
element of pollutant-induced increased mucous
production leading to worsening ofdisease, particu-
larly in the chronic bronchitic.
Numerous epidemiological studies have focused
on individuals with chronic pulmonary disease
(chronic bronchitis, emphysema, and nomenclature
variants thereof). Diary studies of this group (in
Britain) readily demonstrated an association of
worsening symptoms with short-term pollution
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institution of control measures leading to a marked
abatement in particulate levels and lesser decreases
in sulfur dioxide (29, 30, 41, 42).
Similarstudies in the United States have produced
somewhat contradictory results. For example, Bur-
rowsetal. (43), foundlittle orno correlation ofsulfur
dioxide levels in Chicago with daily symptoms of
patients with chronic respiratory disease, although
Carnow et al. (44), using a similar, but somewhat
more extensive approach in Chicago, reported that
symptoms were related to sulfur dioxide levels ex-
tending down to the range of the current air quality
standard. TheCHESS program has utilized panelsof
elderly subjects, with and without chronic car-
diopulmonary disease, to study daily pollution ef-
fects (32). While a positive correlation with current
ambient sulfate levels was reported, thehighdropout
rate and other technical difficulties complicated in-
terpretation of these results.
Chronic Effects. The bulk of the studies dis-
cussed above deal with the ability of the inhaled
gas-aerosol complex to produce acute disease or an
acceleration ofan already existing chronic disorder.
The present section focusses on the possibility that
long-term inhalation of these pollutants may act to
cause the production ofchronic disease, particularly
chronic respiratory disease. The potential impact of
a role for air pollutants in the causation of chronic
respiratory disease may perhaps be greater than that
of acute disease. It is, however, a more difficult
problem to study. Evaluation of day-to-day varia-
tions of pollutants in relation to health effects does
not provide any direct information. Nor are usual
prospective studies of value in a situation where it
may require many decades of exposure for the de-
velopment of measurable chronic damage.
Studies approaching this problem have generally
utilized a geographic comparison in which the prev-
alence ofchronic respiratory disease among a popu-
lation in a polluted area is compared to the preva-
lence in a nonpolluted area. In order to make such a
comparison successfully it is necessary that the
populations in the study areas be as similar as possi-
ble in other respects. The major confounding vari-
able in such studies is the extent ofcigarette smok-
ing, which is the most important causative factor in
chronic respiratory disease. Other factors, particu-
larly occupation, but also life style and social class,
could conceivably play a role in the causation of
chronic respiratory disease and should be evaluated
in the study design.
Using such measures as death rates, reason for
disability, and questionnaires concerning cough and
sputum production, many studies have clearly dem-
onstrated a higher prevalence ofchronic respiratory
disease in polluted areas. When originally studied in
the 1950's, air pollution appeared to account for a
substantial proportion ofthe total incidence and dis-
ability duetochronic bronchitis in Britain. A relation
ofair pollution to the prevalence of respiratory dis-
ease has also been noted in American and Canadian
studies. The largest American study ofthis type was
performed by CHESS in various parts ofthe country
by use of a self-administered questionnaire (32).
There was areasonable consistent findingofahigher
prevalence ofchronic respiratory disease inthe more
polluted communities. This is among the least con-
troversial of the CHESS findings. However, inas-
much as the observed effect presumably represents
long-term exposure to air pollution, including the
much higher levels of the past, the data can not be
readily used to estimate effects due to current am-
bient levels. It would be useful to analyze sub-
sequent years of the CHESS studies to determine
whether there was a decrease in the prevalence of
chronic respiratory disease which parallels the pre-
vious fall in air pollution levels.
A study comparing the prevalence of histologi-
callydetermined emphysema prevalence on autopsy
subjects showed that the disease was three times as
prevalent among nonsmokers in St. Louis as in Win-
nipeg, Canada (45). The variable used to explain the
difference was fossil-fuel combustion product de-
rived air pollution. No specific substances were cor-
related with the disease, rather only total emissions
of S02, particulates, and NO,.
There is the possibility that components of the
gas-aerosol complex might play a causative role in
theincreased levels oflungcancerobserved in urban
areas. Bisulfite has been shown to be mutagenic in a
number of systems, presumably by deaminating
cytosine (46, 47). It is, however, questionable
whetherthis reaction can occur at physiological pH.
Tumor formation in animals exposed to sulfur
dioxide has been reported, most notably in a study
demonstrating higher levels of lung tumors in ani-
mals exposed to sulfur dioxide and benzpyrene as
compared to benzpyrene alone (48). In conjunction
with arsenic exposure, sulfur dioxide exposure ap-
peared to increase the risk oflung cancer in smelter
workers (49). Nitrogen oxides have also been sug-
gested to be potential carcinogens, mainly based on
reactions with other agents which might form nitro-
samines which are known to be very potent carcino-
gens (50). Recent studies have demonstrated that
these reactions can take place in polluted atmo-
spheres, especially during the nighttime hours.
While further research concerning the possible
mutagenic effects of components of the gas-aerosol
December 1979 197complexwould beofinterest, itisunlikelytoprovide
information in the near future specifically applicable
to human exposure.
Dose-Response Analyses
The estimation of human dose response to the
gas-aerosol is an arcane art. The major difficulties
are derived from the dose side ofthis equation. The
most commonly measured pollutant, sulfur dioxide,
is an indicator of varying reliability of the entire
gas-aerosol complex. To complicate the problem,
sulfurdioxide isalso amajorprecursorofmoretoxic
components and its owntoxicity can varydepending
on its combination with other pollutants. This multi-
pleroleforsulfurdioxideisthe basisfortheapparent
discrepancy between epidemiological studies and
controlled human and animal exposureexperiments,
the latter requiring much higher levels of sulfur
dioxide in clean air in order to observe effects. The
common methods of particulate measurement are
also only indirectly related to those agents actually
causing adverse effects. In addition, one must care-
fully disentangle the effects ofother variables (e.g.,
cigarette smoking, weather, and occupation) from
those due to pollution. There is accordingly an es-
sentially inherent degree of uncertainty in the as-
signeddoseforeachlevel ofresponse. Therearealso
difficulties in the measurement of response, includ-
ing adequate characterization of populations, the
validity of measuring techniques, and the selection
of subjects for study. These problems are com-
pounded by the requirement for multiple points in
the plotting of a dose-response curve.
There are a number of complex statistical tech-
niques which have been developed or refined in re-
cent years to handle the variables in individual
studies and to formulate dose-response curves.
There is, however, a crossover point at which the
uncertainty caused by the multiplicity of pollutants
and other variables is replaced by uncertainty about
the validity of the complex statistical procedures
used to disentangle these variables. Furthermore,
there is no concensus in the scientific community
concerning where this crossover point is located.
Dose-response information can be more simply
derived from controlled human exposure ex-
periments involving defined responses to measured
doses. The major drawback of this approach, as is
evident in the case of sulfur dioxide, is that the ex-
posure does not replicate the complex mixture pres-
entinurban air. Inaddition, itis difficult to study the
response of susceptible populations. Animal ex-
posure experiments, although advantageous inother
ways, suffer the same limitations with the added
drawback of interspecies differences.
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The above caveats should be kept in mind when
considering the available literature concerning the
effects ofthe gas-aerosol complex. Among the more
frequently quoted studies is that ofLave and Seskin
(51) who in 1970 estimated that a 50o production in
all urban air pollution would result in a 25-50% dec-
rement in the excess urban mortality and morbidity
from bronchitis, 25% of lung cancers, 25% of re-
spiratory disease, 10% of cardiovascular morbidity
and mortality, as well as a 15% decrement in the
overall prevalence rate. These figures have been
utilized by a numberofother authors as the basis for
further calculations. It should be emphasized that
the analysis refers to all air pollutants and is applica-
ble to the increment of these effects observed in
urban areas.
A frequently employed data set for extrapolating
the effects ofvarious levels ofstationary source fos-
sil fuel combustion products is derived from use of
theCHESS studies (32). These studies have beenthe
subject of much controversy, including a generally
critical congressional review as well as frequent
criticism by other researchers. The CHESS dose-
responseestimations were based onmeasured levels
of atmospheric sulfates. As pointed out by the au-
thors, they clearly represent a first approximation
containing a large degree ofuncertainty. It should be
noted that the major reason for extrapolating a dose
response curve from the original CHESS data was a
need for making regulatory decisions based on pres-
ently available evidence. This remains true today.
Among the subsequent analyses, using the
CHESS extrapolations, is a report by the National
Academy of Science to the U.S. Senate Public
Works Subcommittee (4) in which the impact of al-
ternate fuel use strategies was evaluated. This in-
cludes estimates for the health impacts associated
with individual plants depending on siting. A series
ofstudies ofa similar nature have been performed at
Brookhaven National Laboratory including estima-
tion ofmortality due to coal utilization. The authors
clearly indicate that their model is greatly simplified
due to the lack of solid baseline data from which to
calculate the health effects ofcoal combustion prod-
ucts. Specificcriticisms oftheirapproachincludethe
use of a non-threshold model (based on Lave and
Seskin) which employs an annual average pollutant
dose to impute mortality ratherthan short-term peak
levels; the lack ofcharacterization ofpopulations at
risk; and assumed constant sulfur dioxide oxidation
rates. In order to improve the validity of these pre-
dictive models it is necessary to develop more accu-
rate dose-response functions based on appropriate
averaging times for the pollutant dose. In addition,
better means ofpredicting the levels of secondarily
formed pollutants would be of value.
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Itdoes not appear possible to readily subdivide the
issues concerning health effects of the gas-aerosol
complex into those for which there is a consensus of
opinion and those forwhich there exist uncertainties
or controversy. There is no concrete borderline
where reasonable men may or may notdiffer. Rather
there is a continuum ranging from questions for
which the answer appears certain, to where there is
disagreement as to even how to phrase the question.
Following are a partial list ofissues that appear per-
tinent to the problem of health effects due to the
gas-aerosol complex. Inherent in such an exercise is
theauthor'sjudgmentconcerning what arethe issues
of particular importance, what are the bounds of
reasonable differences in interpretation of existing
data, and which are the areas where further informa-
tion, in the relatively near future, is likely to be of
crucial importance.
Can the Gas-Aerosol Complex Derived from the
Combustion of Coal Produce Acutely Harmnful Ef-
fects in Man? The answer to this question is a def-
inite yes. Pastexperience in the United States, Great
Britain, and elsewhere, provides more than ample
evidence that atmospheric sulfur oxides and par-
ticulates are causally related to adverse health
effects. These include increased mortality, particu-
larly during prolonged periods ofatmospheric inver-
sion. This situation affects mainly the very young,
the old and the ill. Also included is an increased
morbidity inclusive of exacerbation of preexisting
cardiorespiratory disease and potentiation of lower
respiratory tract infection, and, more than likely, the
production of asthmatic attacks in susceptible indi-
viduals.
Can the Gas-Aerosol Complex Derived from the
Combustion of Coal Produce Chronic Disease in
Man? There is reasonably good evidence that
long-term exposure to these pollutants can play a
causative role in the production of chronic respira-
tory disease. Supporting this hypothesis is evidence
indicating a higher prevalence ofchronic respiratory
disease in polluted areas that does not appear to be
accounted for by differences in cigarette smoking
rates, occupational exposure or other confounding
variables. There are, however, differences of opin-
ionconcerning the interpretation ofthese data and it
would not be unreasonable to state that the
hypothesis is unproven. In thejudgment of this au-
thor, the scientific evidence that long-term exposure
to stationary source fossil fuel combustion products
can be involved in the causation ofchronic respira-
tory disease appears compelling. This assumption
would also appear to be in keeping with a prudent
public health pointofview. There isfarlessevidence
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that nonorganic coal combustion products may
cause cancer. Such a hypothesis is supported pri-
marily by basic research indicating that derivatives
ofsulfurdioxide and nitrogen dioxide could produce
mutagenic effects, and by epidemiological evidence
indicating a higher incidence oflung cancer in urban
areas. Much more research is required to assess the
relation of the basic research findings concerning
mutagenesis to human cancer. In respect to the
epidemiological evidence, if it in fact reflects a
causative role of air pollution in urban lung cancer,
theevidence atpresent more strongly supports arole
for organic fossil fuel combustion products.
To What Extent Does the Available Information
Permit Accurate Prediction of the Adverse Health
Consequences Due to Given Levels ofCoal Combus-
tion? There is ample historical evidence that am-
bient levels of stationary source fossil fuel combus-
tionproducts have produced serious healtheffects in
exposed populations. This is particularly true for
situations in which there were relatively high pollu-
tantconcentrations. In recent years there has gener-
ally been a decrease in ambient levels of most of
these pollutants, exclusive ofnitrogen oxides whose
emissions have continued to increase. The extent to
which present ambient levels of the gas-aerosol
complex produce adverse health consequences is a
matterofcontroversy. Reasonable interpretationsof
the data range from no, or negligible, pollutant ef-
fects at present, to the position that any level ofthe
gas-aerosol complex is capable of producing harm.
These widely differing interpretations reflect
uncertainties concerning the validity of the existing
data. As described above, there have been a number
of dose-response estimations performed in recent
years. They have been based for the most part on
data developed by the CHESS program. This con-
troversial program contains the mostcomprehensive
attempt toestablish the levels ofmeasurable compo-
nents ofthe gas-aerosol complex which produce ad-
verse health effects. There are other studies which
provide information useful for approximating a
dose-response curve. These, however, are few in
number and are derived from different countries,
laboratories, scientific approaches, and circum-
stances. This greatly complicates the problems of
extrapolation and leads to the necessity ofassigning
arelativelyhighdegree ofuncertainty to any derived
dose-response curve. Accordingly, if the CHESS
data are interpreted as being meaningless, one is left
with a very wide range of possible interpretations,
particularly concerning the effects of current am-
bient pollutant levels and those likely to be achieved
with the proposed conversion of power plants to
coal.
IftheCHESSdataareacceptedasbeingpertinent,
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data which can provide dose-response estimations
useful for estimating health effects due to the gas-
aerosol complex. One of the more extensive
analyses is that of the Natural Academy of Science
discussed above. It has the advantage of providing
data for individual power plants located at various
distances from urban populations. This author par-
ticipated in the health effects aspects of the NAS
analysis and estimated that a reasonable error-band
for the dose-response curve for sulfate used in the
computations ranged from an underestimation by a
factor oftwo to an overestimation by a factor of 10.
There appears to be no new informationjustifying a
change in this conclusion.
It is also unlikely that any newly instituted re-
search effort will provide information which will
substantially change the boundaries ofthis analysis
or the certainty of any prediction of dose-response
before the anticipated switchover ofutilities from oil
and gas to coal. There is, however, every reason to
begin such further studies as soon as possible, and
preferably in conjunction with any fuel conversion
efforts, so as to provide information pertinent to
determining the extent to which further conversion
affects air quality and public health.
There isone source ofinformation pertinenttothis
problem which could be available within the near
future. This is the remaining unanalyzed portions of
the CHESS program. Only the first, and part ofthe
second year of this five-year program have been
completely analyzed. Many, although not all, ofthe
criticisms of this program reflected problems inher-
ent in the instititution of a complex epidemiological
study. Some of these were rectified in subsequent
study years. Ifthe findings in the latter years ofthe
CHESS study replicate the initial findings, this
would lend a great deal of credence to the derived
dose-response formulations. The converse would
also be true. Accordingly, a rapid and thorough
analysisoftheremaining CHESSdata, preferablyby
those not intimately connected with the study or its
criticism, could be of great value.
To What Extent Are Average PoUution Levels and
Average Human Response Predictors ofthe Health
Impact of the Gas-Aerosol Complex in a Popula-
tion? It is misleading to consider average pollution
levels and average response in the formulation of
control strategies. There is alarge degree ofvariabil-
ity in the response of humans to air pollutants. In
general, regulatory actions in this country have
specified that the most sensitive groups should be
protected. Accordingly, there is aparticular needfor
information concerning the effect ofthe gas-aerosol
complex on susceptible individuals. Information on
this subject has been obtained in epidemiological
studies, although this is very often complicated by
problems in obtaining sufficient numbers of indi-
vidualsfor study andforappropriate control groups.
Controlled human exposure studies of susceptible
individuals have only rarely been performed. This is
in part due to ethical considerations. Even when
ethically appropriate, the performance of these
studies is often hampered by the spectre oflitigation
which makes university review boards reluctant to
permit such studies. Unless some answer to this
problem is forthcoming, perhaps through federally
guaranteed insurance, it is unlikely that information
pertinent to the understanding of human variability
will be attained in the near future.
Short-term peak pollutant levels are obviously
most important in reference to causation of acute
effects. It should be emphasized that prolonged
meteorological inversions which have the capacity
for developing highest pollution levels may occur at
intervals ofonly every few years. Inasmuch as these
episodes represent the greatest potential for acute
effects, these infrequent occurrences should be con-
sidered as a major basis for determination ofappro-
priate control strategies. Such an approach does not
substantially differ from that ofassignation offlood
plain areas based on the concept of the "100 year
flood."
What is the Relative Impact on Health ofthe Gas-
AerosolMixturePresent in the LocalArea ofaPower
Plant Fueled by Coal, Compared to the Gas-Aerosol
Mixture Present after Long-Range Transport of
PowerPlantEmissions? A numberofprocesses act
to modify the components ofpower plant emissions
as they travel downwind. These are discussed in
detail above. In general, the emitted gases are
oxidized to acidic aerosols which appear to be of
greater potential harm then the parent compounds.
Presumably buffering substances, such as NH3, are
also added over time and these may alter the poten-
tial toxicity ofthe gas-aerosol complex. Obviously,
dispersal ofthe plume over distance leads to a dilu-
tion in pollutantconcentrations. In areas such as the
Northeast, there may, however, be additive effects
from multiple point sources.
The importance ofthis issue lies in its pertinence
to decisions concerning which electric power plants
shouldbeconvertedfromoiltocoal. If, as hasgener-
ally been assumed, the local effects predominate by
virtue ofhigher concentrations, then clearly the ex-
tent of the adverse health impact ofa given level of
coal combustion would be proportional to the den-
sity of the local population. This effect would be
magnifiedby thefactthatexisting airpollution levels
tend to be highest in dense urban areas. Therefore,
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ble individuals and higher baseline levels ofair pol-
lution, the largerAmerican cities would appearto be
most at risk from the proximal effects ofconverting
utilities from oil to coal.
The more distant impact of emissions following
long-term transport is pertinent to regional rather
than local siting of coal-fired power plants. Two
densely populated areas deserve special attention in
this regard: the Northeast because of the high con-
centrationofelectricutilities and theprevailingwind
pattern which tends to bring in powerplant effluents
from the Midwest and Southeast; and Southern
California where coal combustion emissions would
interact with an exceptionally active atmospheric
photochemical process.
Very recently there has been a great deal ofstudy
characterizing both the short-range and long-range
components ofpower plant effluents. These are ex-
ceptionally important investigations which, in con-
junction with appropriate epidemiological and con-
trolled human exposure studies, should provide the
basis for understanding the potential local and dis-
tant impact of the gas-aerosol complexes derived
from stationary source fossil fuel combustion. Most
unfortunately, these extensive air monitoring pro-
grams are not accompanied by epidemiological
studies. This lack of coordination of the national
effort must be avoided in the future.
Are the Current Air Quality Standards for Sulfur
Dioxide, TotalSuspendedParticulates, andNitrogen
Dioxide Adequate to Protect against the Health
Consequences ofthe Gas-Aerosol Complex? These
standards have been reviewed by a numberofscien-
tificpanels inrecentyears. Ingeneral, therehasbeen
a consensus supporting no change in the present
standards but noting the many uncertainties in the
state of knowledge underlying the standards. The
standards arerecognized asbeing somewhatindirect
measures ofthe totality ofcombustion products ac-
tually producing harm. There have thus been calls
for research directed at providing a standard which
more accurately reflects the gas-aerosol complex.
Preliminary standards for sulfates have been
adopted by a number of states. There is still, how-
ever, inadequate information concerningthetoxicity
ofindividual sulfates to permit anational standard to
be set. For instance, there is some question as to
whetherthe relatively high sulfate levels in Southern
California may consist mostly ofammonium sulfate
and, conceivably, have less ofa toxic potential than
the lower levels of sulfates in other areas of the
country, which may be in the form of sulfuric acid
aerosols.
Another type ofuncertainty due to the somewhat
indirect measures used for the air quality standards
arises whenever the mixture of components in the
gas-aerosol complex is altered. Inasmuch as these
standards were based on past epidemiologic studies
reflecting previous air mixtures, they may not be
completely applicable to new circumstances. As an
example, total suspended particulates include both
respirable and nonrespirable sized particles. It is
conceivable that a control measure which success-
fully removed only the larger particles might mas-
querade as an effective abatement procedure while
in fact there would be no real change in the health
effects on which the standard is based. Although the
current standards are generally adequate and useful,
these considerations indicate the need for further
research into the components responsible for ad-
verse health effects, and illustrate the importance of
intelligent application ofavailable information to air
pollution control strategies.
With regard to nitrogen oxides, recent studies em-
phasizing the effects ofpeak N02 levels suggest the
need for a short-term standard. Further information
concerning the effects of nitric acid and suspended
nitrates is required. These considerations pertaining
to oxides of nitrogen are especially important, be-
cause of the expected continuing increase of NO,
emissions, and the fact that presently existing coal-
fired combustion sources cannot readily control
NO, emissions, with the possible exception of
fluidized bed combustion technology.
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